Epitaxial thin films are the fundamental element in solid-state electronics, for which the interface determines the layer quality. However, growth of a heteroepitaxial single-crystal film with a low defect density is difficult because of the inevitable lattice, thermal expansion mismatches, and chemical composition incompatibility between the film and the substrate, which induce dislocations, pits, or grain boundaries. [1] [2] [3] Since the heteroepitaxy of GaN layers was invented in 1986 by Amano et al. using an AlN layer, 4 AlN has been commonly used as a nucleation layer (NL) to facilitate two-dimensional growth of the GaN layers for wide-range applications, from optoelectronics as lightemitting and laser diodes to high-power devices as high electron mobility transistors (HEMTs). Nevertheless, the issue of high-density dislocations in GaN layers remains daunting as they degrade the breakdown characteristic. Typically, the critical breakdown field of lateral GaN HEMTs grown on foreign substrates, like sapphire, Si, and SiC, can only reach values in a range of 0.6-0.85 MV/cm, which is far below the ultimate theoretical value of 3 MV/cm. 5 Therefore, to fully unlock the potential of the GaN devices, the dislocation density in the GaN layers has to be minimized, where the most relevant place to suppress the formation of structural defects in the epitaxial layers may lie in the very first interface, i.e., the one between the AlN NL and the substrate. Any defects like pits and dislocations starting to form at this interface would require extra efforts to be annihilated. Inevitably, the inefficient approach of increasing the thickness of the epitaxial layers and/or increasing the number of intermediate layers often has to be employed to alleviate this issue. 6 Here, we reveal an out-of-plane compositional-gradient with an in-plane vacancy-ordering (opCG-ipVO) interface structure formed in between an AlN NL and a SiC substrate from a sample (A) consisting of a high-quality thin GaN HEMT heterostructure 7 and compare it with a reference (B) that contains the same heterostructure, but with a commonplace AlN/SiC abrupt interface without in-plane vacancy ordering. The thickness of the AlN NLs is in a range of 15-60 nm in this study. Samples A and B with the thin GaN HEMT heterostructure were grown by a metalorganic chemical vapor deposition (MOCVD) system on 4H semi-insulating SiC substrates by SweGaN AB. Highpurity NH 3 , TMAl, and TMGa were used as the precursors for the growth of III-nitride epitaxial layers with a mixture of N 2 and H 2 as carrier gases. The growth of samples A and B was based on the conditions described in Ref. 7 , where the low-thermal-boundary-resistance (TBR) AlN NL and the conventional AlN NL are used in the thin GaN HEMT heterostructures. Moreover, the crystalline quality of the AlN NL and the thin GaN channel layer of sample A, assessed by Xray diffraction rocking curves (XRC), is on a par with the quality shown in Ref. 7 . However, the full width at half maximum (FWHM) values of XRC for the (002) reflections of the AlN NL and the GaN channel layer in sample B are much higher than those of sample A, which are 315 and 607 arc sec, respectively. Cross-sectional TEM specimens were prepared by an established method. 8 High-resolution analytical scanning transmission electron microscopy (STEM) operated with high angle annular dark field (HAADF) and super-X energy dispersive spectroscopy (EDX) detectors in combination with ab initio calculations is used to characterize the interface structures. Z-contrast images 9 and EDX mappings were acquired by using the doublecorrected Link€ oping FEI Titan3 60-300 operated at 300 kV with a resolution of 0.7 Å .
Overviews of the samples in the region of GaN/AlN/SiC are shown in Figs. 1(a) and 1(b). Sample A, shown in Fig. 1(a) , has a high structural quality that exhibits a low threading dislocation density, grain-boundary-free AlN NL, and atomically flat GaN/AlN/SiC interfaces. The bright contrast with a spacing of $10 nm along the GaN/ AlN interface is caused by localized stress fields from the misfit dislocations. In contrast, in sample B, the surface of the AlN NL is rough, with a number of pits. As seen in the TEM images, most of the dislocations in the AlN NL are generated at the AlN/SiC interface and then penetrate the AlN NL, propagating into the GaN layer. Obviously, the AlN/SiC interface plays a critical role in the quality of the epitaxial AlN layer and GaN layer. Clearly, the long-range step-free opCG-ipVO interface provides a unique foundation that is capable of suppressing the defect formation in the beginning of the heteroepitaxy of AlN on the SiC substrate.
The corresponding EDX mapping displayed in Fig. 1 (f) pinpoints the chemical composition of sample A. Figure 1 (e, left) exhibits a clear interface, above which is a 2H structure suggesting an AlN layer and below is a 4H structure indicating the SiC substrate. However, the EDX measurement shows a more complex ordered chemistry across the interface. The first layer of the 2H structure marked as L1 contains not only Al and N but also Si with approximately two times higher content than for Al. In the Z-contrast STEM image, C and N are too light to give discernible contrast, while Al and Si are too close in the atomic mass, resulting in similar Z contrast, and hence are not easily distinguishable. The low contrast of L1 implies a substantial fraction of vacancies, and a STEM image observed from [1010] orientation shows in-plane ordering [see Fig. 1(e, right) ]. The bright pairs have almost the same intensity as that of Al or Si, while the position between them is of low intensity, clearly exhibiting partial vacancy formation. The composition of L1 with a high Si content implies that L1 is not the first layer of the AlN, but an intermediate layer. The layer above the L1 also contains Al, N, and Si, with an Al/Si ratio of 2:1, indicating the second around the normal of the basal plane, those two kinds of rows overlap along [1120] , as shown by the blue arrows in Fig. 2(e) , and the in-plane ordering is invisible [see Fig. 1(e, left) ].
L2 has a similar 2D network with in-plane ordering, visible from the h1010i direction [see Fig. 1(e, right) ]. The slightly reduced intensity of the pairs implies vacancy formation [deep purple spheres in Fig.  2(d) After the Si adatoms were consumed, the AlN layer started to grow from the L2 surface. Thus, a structural model of the opCG-ipVO interface is proposed in Fig. 2(b) .
To clarify the thermodynamic stability of the opCG-ipVO interface, modeling based on density functional theory (DFT) calculations was performed to determine (i) if the formation of ordered vacancies is favored compared to a sharp and perfect interface, (ii) if Si and Al are mixed in L1 and L2, and (iii) if L1 contains C or N since L1 is Si-rich and next to SiC (details of the code, potential, and computational parameters are given in the supplementary material). In a first step, we investigated if ordered vacancies in L1 are favored as compared to a sharp and perfect interface for models with either C or N in L1. The change in energy for this reaction is given by Eq. S(1). Figure 3(a) (long dashed lines) shows that N in L1 is favored (light blue), while C in L1 is not (orange). The second reaction, using Eq. S(2), includes the mixture of Si and Al in both L1 and L2 for the above given ratios as well as ordered vacancies. The reaction indicates a small increase in energy for both N and C. In the second reaction path, we investigated a mixture of Si and Al in both L1 and L2, for the above given ratios, where the reaction energy is given by Eq. S(3). Figure 3(a) (short dashed lines) shows that N in L1 is favored (light blue), while C in L1 is not favored (orange). This is followed by considering ordered vacancies in L1, with a reaction energy defined from Eq. S(4), which lowers the energy further for N at L1, while the energy increases for C at L1. The results for the two reaction paths shown in Fig. 3(b) indicate that (i) L1 contains N, (ii) a mixture of Si and Al in L1 and L2 is favored, and (iii) the formation of the interface structure with ordered vacancies in L1 is the one most likely to be formed. Figure S3 shows that N in L1 is less sensitive to cell size variations as compared to C in L1. The results presented in Fig. 3(b) are for models with large lateral extension with 27 M sites in layer L2. We have also investigated the chemical distribution of Al and Si in layer L2. For the ordered model, the ordered rows of Si are above the vacancy row as well as over a populated row of Al and Si atoms. Both the models gave the same results. Compared to a disordered distribution of Al and Si in layer L2, the ordered case is 0.35 eV higher in energy for N in L1 and 0.1 lower in energy for C in L1 as seen in Fig. S4 . This indicates that there is a The opCG-ipVO interface provides the intermediate layers L1 and L2, which have similar composition as the SiC substrate and the AlN layer respectively, and the interface mismatch is improved dramatically. Thus, we introduce the term "transmorphic heteroepitaxy," for which the composition and atomic configuration gradually transit from substratelike to epilayerlike. As a result, the transmorphic epitaxial AlN layer has a low defect density, enabling the growth of a high-quality thin GaN HEMT heterostructure that does not require a conventional thick buffer layer to annihilate the structural defects. The total thickness of the thin GaN HEMT heterostructure is $300 nm, which is 20 times lower than that of the conventional GaN power devices that are qualified for 650 V operation. 11 Finally, a thin GaN HEMT heterostructure, like sample A, was grown on a 100 mm semi-insulating 4H-SiC substrate to test the breakdown strength of the high-quality thin epitaxial stack, which nominally consists of 2-nm GaN cap/14-nm Al 0.29 Ga 0.71 N barrier layer/0.2-lm GaN channel/60-nm AlN NL. Additionally, Hall measurements performed on Van der Pauw patterns reveal a carrier concentration of 1 Â 10 13 cm À2 with an electron mobility at room temperature of 2100 cm 2 /Vs, which is comparable to the state-of-theart transport properties of AlGaN/GaN HEMTs with a conventional thick buffer layer. 12 Lateral breakdown voltage measurements with the substrate floating (A Keysight B1505A) were conducted on the isolated two-terminal Ohmic contacts with various distances from 5 to 20 lm, as shown in Fig. 4 . The device isolation was achieved by nitrogen implantation to locally remove the 2DEG in the volume in between the two contacts to isolate the contacts. The two-terminal device was then immersed in a Fluorinert solution (FC-43) in order to avoid arcing in air 13 during the measurements. The details of the measurement setup are schematically illustrated in Fig. S5 . Quite remarkably, such thin III-nitride epitaxial layers can achieve a breakdown voltage of 1800 V, at the distance of 20 lm. Moreover, a critical breakdown field close to 2 MV/cm was obtained for the short distance of 5 lm, which is well beyond the typical values reported for GaN-based HEMT heterostructures grown on foreign substrates and even higher than that for the GaN devices grown on GaN native substrates. 5 This is attributed to the presence of the high-quality AlN NL, which virtually serves as a back barrier that enables a critical breakdown field enhancement for the thin GaN layer. This should not be surprising since AlN has the largest critical breakdown field of 11.7 MV/cm among the III-nitrides. For larger contact distances, the electric field spreads deeper within the substrate so that the breakdown may be dominated by the SiC material, which renders a critical breakdown field slightly below 1 MV/cm. Furthermore, no parasitic conduction was observed with a leakage current remaining well-below 1 lA/mm until the breakdown voltage is reached. Additionally, the vertical breakdown of the heterostructure was measured as well. We do not see any breakdown up to 3 kV (not shown here), which is the limit of the setup. This result is consistent with our previous result in Ref. 7 , where one can see that there is virtually no breakdown up to 1.5 kV, limited by the delineation of the contact at the time.
In summary, we present a heteroepitaxial growth mode where the interface between the first epitaxial layer and the substrate is mediated by ordered vacancies. Analytical high-resolution STEM shows that a unique interface structure consists of two intermediate atomic layers, one Si-rich and one Al-rich, which define the transmorphic epitaxial growth. With sharing in-plane symmetry and providing a compositional gradient across the intermediate layers to both the epitaxial layer and the substrate, the opCG-ipVO interface significantly alleviates the compositionally induced lattice mismatch and the surfaceenergy gradient difference between the epitaxial layer and the substrate and consequently results in a high-quality epitaxial AlN nucleation layer, which enables thin GaN HEMT heterostructures grown on the top to exhibit a critical breakdown field of nearly 2 MV/cm. The present work demonstrates that foreign materials have an ability to match each other by modifying the interface structure, which provides a means to grow low-defect-density epitaxial layers in heterosystems. Other variants of compositional gradients and ordering of elements and their vacancies are expected to exist, depending on the processing, as shown by our ab initio calculations.
